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PROBLEM 


Within a general investigation of the properties, mechanisms, 
and origins of low-frequency underwater ambient noise, examine 
the relationships, if any, between deep, open-ocean ambient sea 
noise, in the frequency range from 10 to 400 c/s, and both near 
and distant wave height and wind speed. 


RESULTS 


ils Sound pressure spectrum level is influenced by wave height 
and wind speed at both ends of the frequency range from 10 to 
400 c/s; greatest dependence is in the 160-to-400-c/s portion. 


2s Ambient-noise levels in the range from 32 to 160 c/s are the 
least influenced by near and distant wave height. 


Bo No dependence of ambient-noise levels on distant wave- 
height fluctuation was observed for periods during which local 
wave-height conditions were moderate and uniform. 


RECOMMENDATIONS 


i. Extend the analysis of the noise data acquired in this project 
to ambient noise below 10 c/s. 
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INTRODUCTION 


The classic curves of Knudsen’ (fig. 1) and Wenz” (fig. 2) 
show the relationship between ambient noise in the ocean and 
storm or wind activity in terms of wind speed or wave height 
measured directly, or very nearly directly, above the area in 
which the sound measurements are made. The Knudsen curves, 
which treat the frequency range from about 100 c/s to 10 ke/s, 
describe a consistent dependence of noise level on wind speed and 
wave height. The Wenz curves treat frequencies down to 1 c/s, 
and reflect the lack of such dependence below 100 c/s in much of 
the experimental data. 

It is not well known what relationships, if any, exist between 
ambient-noise levels in the very-low frequencies and storm activ- 
ity occurring at great distances from the hydrophone. The hydro- 
phones that provided data utilized for this report were located in 
deep ocean areas providing conditions favorable for the reception 
of any low-frequency noise propagated from distant storm centers. 

In a pilot study® ambient-noise levels were considered to be 
related to the action of winds at the interface. Wind fields over 
increasing areas to as far as 1400 nautical miles from the hydro- 
phone were considered. 

In general, the trends suggested a dependence of ambient 
noise on wind speed in both the high and low ends of the frequency 
range considered. The dependence decreases with range, but the 
decrease is smaller at frequencies below 25 c/s. Anomalous 
results were noted at 20 c/s. 

This study examines the dependence of ambient noise in the 
frequency range of 10 to 400 c/s on wave height. Wave height is 
measured both in very near proximity to the hydrophone and at 
great distances. In addition, changes in noise level are compared 
with changes in wind speed measured in moderate proximity to the 
hydrophone. 
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Figure 1. Sea-noise spectra for various sea states. 
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Figure 2. Ambient-noise spectra, summarizing results and conclusions concerning 
spectrum shape and level and probable sources and mechanisms of the ambient noise in 
various parts of the spectrum between I c/s and 100 kc/s. 


METHODS 


The noise data originated from four hydrophones located at 
depths greater than 500 fathoms. The four hydrophone stations 
were selected to sample the Pacific coastal area from Washington 
to Southern California. They are designated A, B, C, and D in 
order from north to south. The larger part of the analysis was 
done on station A, which provided ambient-noise data with a nom- 
inal amount of contamination by ship and general transients, and 
had larger fluctuation in wave height at large distances from the 
hydrophone. 

Data on wave height 4,5 were supplied by the Fleet Numerical 
Weather Facility, U. S. Naval Postgraduate School, Monterey, 
California, in the form of contour charts of wave height in 3-foot 
intervals for the general areas of interest (fig. 3). 


: Oi O 
SOE CS 
| Se 
Figure 3. Portion of wind-wave analysis for 0600 GMT 01 October 1964 from Fleet 


Numerical Weather Facility, Monterey, California, showing wave-height contours. 


Contour interval is 3 feet. 


One problem encountered in treating the noise data was 
contamination by ship and traffic noise. Traffic noise, the contri- 
bution of distant ships, is frequently not recognizable in the noise 
records. Ship noise, however, displays a pronounced transient 
effect on a continuous display in both broadband records and third- 
octave-band records, particularly in the 50-to-63-c/s region. 

For times during which there were obvious transient effects in the 
broadband records, all noise data were deleted from the data from 
station C, which were heavily contaminated. Figure 4 shows some 
of the characteristic transients of these broadband records. In 
this example, all of record C and all the third-octave-band data 
corresponding to the times designated by arrows on records A and 
B were deleted. 

The method of recording sea-state conditions was to take 
the hydrophone location as the center for the generation of a series 
of ranges at equal radial increments as depicted: 


WAVE-HEIGHT CONTOURS 
SHORE 
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HY DROPHONE 


400 N. M. RANGE 


In most instances, the storm configurations were such that it was 
convenient and practical, as a first approximation, to use linear 
interpolation. Data were recorded according to wave height in the 
immediate vicinity of the hydrophone and the maximum values of 
wave height observed anywhere on ares at radial ranges of 200, 
400, 600, and 800 nautical miles from the hydrophone. 

These data were compared with ambient-noise levels re- 
corded at the center of the system, which were reduced by the 
third-octave digital analyzer °’ to third-octave-band data starting 
at 10 c/s and ending at 400-c/s midband frequency. Coefficients 
of correlation between the third-octave-band noise levels and the 
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Figure 4. Typical sections of records of broadband ambient 
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cumulative wave heights” at increasing areas surrounding the 
hydrophone, were computed. General trends in dependence of 
noise levels for particular frequencies on varying areas of storm 
magnitude may be detected in this way. 

One of the salient problems associated with the study is the 
possible overlap of the effect of storm activity at the various 
ranges. For this reason, an effort was made to study the effect 
of distant changes in wave height corresponding to times when 
wave height nearby was relatively constant and small. The most 
frequently occurring waves above the hydrophone were less than 
3 feet, and one grouping was designed to observe only the times 
for which the area had this sea state. Subsequent examination 
showed that the most frequently occurring sea state at 200 nautical 
miles was 3 feet. A second sort, made to include only times for 
which the sea state was constant over the hydrophone (less than 
3 feet) and at the 200-nautical-mile range (3 feet), enabled better 
judgment from the correlation coefficients of the effect of distant 
wave fluctuation on ambient-noise level. 

A property of the maximum wave heights recorded from the 
contour charts further compounded the aforementioned problems. 
The validity of the correlation tests is subject to further question 
as a few of the wave-height distributions were not normal. Note 
in figure 5 the extremely skewed curves for the wave heights at the 
source and at the 200-nautical-mile range. With further increases 
in distance from the shoreline the distributions begin to take on a 
more normal form. 

The correlation between ambient sea noise in the low- 
frequency range and local storm activity was further explored 
with data from an automatic weather buoy associated with CNO 
Project DS/200. The data were compared with third-octave-band 
ambient-noise data at station D by means of the correlation coef- 
ficient and by grouping the noise data to correspond to sets of wind 
data that fell within certain Beaufort groupings. 


Simple sums — the value at the source plus the maximum 
value at 200 nautical miles, the preceding plus the maximum 
value at 400 nautical miles, and so on. 
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Figure 5. Distribution of maximum wave heights. 
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RESULTS 


The effect of ever-increasing areas (approximated by the 
cumulative wave-height tabulations) over which maximum wave 
height is considered on the ambient-noise level in the third- 
octave-band channels at each station is shown in figure 6. With 
the exception of station C, all stations yielded coefficients of 
correlation® which suggest a noise/wave dependence at frequencies 
less than about 32 c/s and greater than about 160 c/s. 

An apparent anomaly in the neighborhood of 20 c/s is noted 
in figure 6. A possible explanation for it is the way the respective 
seasonal characteristics of sound pressure level in these frequen- 
cies vary with the seasonal wave-height characteristics. Note in 
figure 7 that all stations exhibit a significant increase in sound 
pressure level in the 20-c/s band for the months of September and 
October. The increase probably results from 20-c/s signals pre- 
viously reported by Cummings and Thompson®. In the areas 
around station D, for example, the average local wave height de- 
creases during these months, and thus a negative coeffienct 
appears that is unusually large compared to the surrounding fre- 
quencies. The seasonal effect of the predominance of the 20-c/s 
signal is illustrated in figure 8. No peculiar effect appears at 
these frequencies at the time of minimum occurrence of the 
20-c/s signals (May and June). 

Comparable results are yielded for all four stations by the 
following data sets: 


1. Occurrences for which the value of wave height above 
the source was less than 3 feet, and 


2. Occurrences for which the value of wave height above 
the source was less than 3 feet and the value at the 200-nautical- 
mile range was 3 feet. Station A (fig. 9) is typical. The smallest 
number of points in any of the computations for data set 1 was 149; 
for dataset 2,107. The first group showsa general decrease for the 
coefficients compared to the parent sample (fig. 6) for nearly all 
frequencies with the smallest decrease in the 16-to-25-c/s region. 


* 
Greatest 1 percent minimum critical value for the four 


stations is 0.13. 


13 


14 


COEFFICIENT OF CORRELATION 


Beka 
NVA 


ABOVE HY DROPHONE 
2E0S352 200 N. M. RADIUS 
—-— 400N.M. RADIUS 
—-—-- 600 N. M. RADIUS 
—-—— 800N. M. RADIUS 


0.3 


ORS Cee 


SO eat 
, Dna tae STATION | | 


“10 12 16 20 25 32 40 50 63 80 100 126 160 200 250 320 400 
FREQUENCY, C/S 


0.0 


Figure 6. Variation with frequency of coefficient of correlation between sound 
pressure spectrum level and cumulative maximum wave heights observed at 
the indicated radial distances for the hours 0600 and 1800 GMT, April through 
December 1964. 
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Figure 6. (Continued). 
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Figure 7. Monthly average sound pressure level at 20—c/s midband frequency, 


and monthly average local wave height. 


16 


COEFFICIENT OF CORRELATION 


ABOVE HYDROPHONE 


SOG0500 200 N. M. RADIUS 
—-— 400N. M. RADIUS 
=i = O00)NSM RADIUS 
——-- 800N.M. RADIUS 


ey) 
Ws 
yas 
MET nei 
Aes) 


PERIOD OF LOWEST FREQUENCY 
OF OCCURRENCE OF 20-C/S SIGNAL 


, S Ay 
NE 5 iY Cle 
See a) 4 aa 


PERIOD OF HIGHEST FREQUENCY 
OF OCCURRENCE OF 20-C/S SIGNAL 


. Sper N=91 bes 
NAPE RN TT 


a 
Es 
fe 
i 
‘ 
LEE LEELE 
fey 
4g 
o] 


JUS SEN Ser EN 
LSC Seas 


S 
oll 
10 12 16 20 25 32 40 50 63 80 100 126 160 200 250 320 400 
FREQUENCY, C/S 


Figure 8. Variation with frequency of coefficient of correlation between sound 
pressure spectrum level and cumulative maximum wave heights observed at 
the indicated radial distances. 
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Figure 8. (Continued). 
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Figure 9. Variation with frequency of coefficient of correlation between sound 
pressure spectrum level and maximum wave heights observed at the indicated 
radial distances for periods during which wave height at source was less than 3 


feet, April through December 1964. 
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At the 1-percent level, the critical absolute value of the correla- 
tion coefficient is about 0.21. The second group suggests that all 
frequencies with the exception of 20 c/s are unaffected by fluctua- 
tion in sea height at ranges greater than 200 nautical miles (1- 
percent absolute critical value for the second group is 0. 25). 
Again, the suggested relationship in this narrow frequency group- 
ing is probably merely a coincidental result from the pre- 
sence of 20-c/s signals, and not the result of distant storm 
activity. 

Although the near-wind effect on noise has been described 
in the literature, it was desired to use the data from the Navy 
weather buoy for comparison with ambient-noise levels, and to 
perform the same correlation computations on the same frequency 
range as with the wave-height comparisons. There were several 
advantages in using the buoy data — consistency of location of the 
anemometer in relation to the surface and station, and accurate 
wind-speed measurement. The wind data were compared with 
noise data received from station D. The weather buoy was located 
about 50 miles from the hydrophone location. The results (fig. 10) 
show a high noise/wind correlation in the higher frequencies 
(above 160 c/s) and no correlation for 10 to 16 c/s and 32 to 80 
c/s . Minimum critical value at the 1-percent level for the 150 
points is about 0.208. Although the number of data points was 
limited, a sufficient number of points existed to group the data 
into categories of Beaufort 2 (4 to 6 knots), Beaufort 3 (7 to 10 
knots), and Beaufort 4 (11 to 16 knots)® (fig. 11). Standard tests 
(¢ statistic) on significance of mean-value differences for the 
Beaufort groupings were run for select frequency bands. Differ- 
ences in mean levels for the Beaufort groupings for frequencies of 
200 c/s or greater were significant at a 1-percent level. In the 
20-to-25-c/s region only a few pairs (sound pressure level at 20 
c/s for Beaufort 3 compared with Beaufort 2, for example) were 
significant (5-percent level). 


COEFFICIENT OF CORRELATION 


0.7 


0.6 


0.5 


0.4 


0.3 


0.2 


0.0 


-0.1 


WW WZ ie 20 25 SP 40 50 63 BO 100 125 150 Ao Aso eyo Zoo 


FREQUENCY, C/S 


Figure 10. Variation with frequency of coefficient of correlation between sound 
pressure spectrum level and wind speed measured at Navy weather buoy. 
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Ambient noise versus frequency at station D, June through August 1965. 


Figure 11. 
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CONCLUSIONS 


Many of the forms of weather data now available (the data 
from Fleet Numerical Weather Facility are considered the best 
in the sense of the overall patterns they describe) do not lend 
themselves well to this type of study. To use a high coefficient 
of correlation in a derivation of a regression line prediction 
model, one must be assured that the accuracy of measurement of 
the independent variable is significantly greater than that of the 
dependent variable (ambient noise). Such was not the case with 
data used in this study. However, even though precise prediction 
relations cannot be formulated, an indication is provided of the 
frequency regions in which the noise is affected by wind and wave 
height at deep-mounted hydrophones in open-ocean locations. 

The results do not support the hypothesis of very-long-range 
noise/storm dependence. They do suggest that both wind speed 
and local wave activity have a significant effect on underwater 
ambient noise greater than about 160 c/s, and that local wave 
activity may have a small effect on low-frequency noise. By using 
a 30-hour prediction chart, available at Fleet Numerical Weather 
Facility, one may be able to predict whether the noise will in- 
crease or decrease in regions greater than 160 c/s and to provide 
a gross estimate of the amount of change. The general dip in the 
correlation coefficient to insignificant values in the midfrequency 
range (32 to 160 c/s) for most of the stations is probably due to 
masking by ship and traffic noise. 
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